Pseudomonas aeruginosa is an opportunistic pathogen that causes infections in eye, urinary tract, burn, and immunocompromised patients. We have cloned and characterized a serine/threonine (Ser/Thr) kinase and its cognate phosphoprotein phosphatase. By using oligonucleotides from the conserved regions of Ser/Thr kinases of mycobacteria, an 800-bp probe was used to screen P. aeruginosa PAO1 genomic library. A 20-kb cosmid clone was isolated, from which a 4.5-kb DNA with two open reading frames (ORFs) were subcloned. ORF1 was shown to encode Ser/Thr phosphatase (Stp1), which belongs to the PP2C family of phosphatases. Overlapping with the stp1 ORF, an ORF encoding Hank's type Ser/Thr kinase was identified. Both ORFs were cloned in pGEX-4T1 and expressed in Escherichia coli. The overexpressed proteins were purified by glutathione-Sepharose 4B affinity chromatography and were biochemically characterized. The Stk1 kinase is 39 kDa and undergoes autophosphorylation and can phosphorylate eukaryotic histone H1. A site-directed Stk1 (K86A) mutant was shown to be incapable of autophosphorylation. A two-dimensional phosphoamino acid analysis of Stk1 revealed strong phosphorylation at a threonine residue and weak phosphorylation at a serine residue. The Stp1 phosphatase is 27 kDa and is an Mn 2؉ -, but not a Ca 2؉ -or a Mg 2؉
Phosphorylation and dephosphorylation of many proteins is a well-known mechanism for the regulation of their cellular activities. Such protein kinases (and protein phosphate phosphatases) have been classified into a number of groups based primarily on the target amino acids that are phosphorylated (or dephosphorylated after phosphorylation), i.e., histidine kinases, tyrosine kinases, serine/threonine (Ser/Thr) kinases, etc. (7, 8, 15, 20, 26, 30) . Even though early classifications indicated histidine kinases to be the predominant kinases in prokaryotes and tyrosine or Ser/Thr kinases to be the predominant kinases in eukaryotes, subsequent investigations demonstrated the presence of eukaryote-like kinases and phosphatases in prokaryotes as well (24, 31) . Such eukaryote-like protein-serine/ threonine/tyrosine kinases and phosphoprotein-serine/threonine/tyrosine phosphatases have been implicated in regulating bacterial growth, development, and virulence characteristics (24, 31) .
The advent of genomics in recent years has provided interesting insights into the presence of multiple genes encoding tyrosine or Ser/Thr kinases and phosphatases in prokaryotes. For example, DNA sequences and in vitro kinase assays demonstrated the presence of at least seven eukaryote-like protein kinases in Mycobacterium tuberculosis, several of which were biochemically identified (7) . A complete genome analysis showed the presence of 11 such genes in M. tuberculosis (4) , although very little is known about their cellular functions. Another example is the presence of at least four putative Ser/Thr kinases in Pseudomonas aeruginosa, one of which has been implicated in its virulence (29) . It is interesting to note that both a protein-tyrosine phosphatase (YopH) and a Ser/ Thr kinase (YpkA) have been shown in Yersinia pseudotuberculosis to be encoded by the virulence plasmid and to be secreted into the host cell by a type III secretion mechanism (5, 8, 9) . While YopH modulates host function by dephosphorylation of p130
cas and FAK and the disruption of peripheral focal complexes, the YpkA protein is targeted to the inner surface of the plasma membrane and causes morphological alterations (5, 8) . However, no target protein of YpkA has yet been identified. Since P. aeruginosa uses a type III secretion mechanism similar to that of the Yersinia Yop system, delivering ExoS and other enzymes directly into the host cell (27, 28) , it is possible that, like YpkA or YopH, the P. aeruginosa Ser/Thr kinase or phosphatase types of eukaryote-like proteins may also be targeted to the host cells by a type III mechanism. The detection of such secreted enzymes depends upon their presence in the eukaryotic cells, as determined by Western blotting, as well as the fusion of genes encoding enzymes such as adenylate cyclase to the kinase/phosphatase gene. This requires the availability of the genes and purified enzymes of the Ser/Thr kinase/phosphatase. As a first step to such detailed studies, we have cloned and sequenced a gene cluster encoding a Ser/Thr kinase and its cognate phosphoprotein phosphatase. We purified the gene products, and we describe here some of the characteristics of these proteins and demonstrate that these genes are a part of large operon and are cotranscribed.
MATERIALS AND METHODS
Strains and plasmids. The bacterial strains, plasmids, and oligonucleotides used in this study are given in Table 1 . P. aeruginosa PAO and Escherichia coli were grown in Luria-Bertani medium at 37°C. Kanamycin (40 g/ml), ampicillin (100 g/ml), or tetracycline (12 g/ml) were used whenever required. The oligonucleotides, described in Table 1 , were synthesized by Gibco-BRL Laboratories. Inhibitors were purchased from Sigma Chemicals (Sigma, St. Louis, Mo.).
Cloning of the stk1 and stp1 genes from P. aeruginosa PAO1. By using oligonucleotides 9 and 10 derived from the conserved sequence of serine-threonine kinases from M. tuberculosis (7, 11) , an 800-bp fragment from P. aeruginosa was PCR amplified. The PCR reaction was carried out in a 50 l of reaction volume containing 1ϫ PFU buffer, 2.5 mM deoxynucleoside triphosphates (dNTPs), 2 ng of P. aeruginosa chromosomal DNA, and 2.5 U of Pfu polymerase (Stratagene, La Jolla, Calif.) under the following conditions: 95°C for 2 min, 53°C for 2 min, and 72°C for 2 min per cycle for 30 cycles. The amplified DNA was purified and was cloned into pGEM-T Easy vector to generate pSM100. The insert was sequenced, and the translated sequence showed 50% sequence identity to the Ser/Thr kinase gene from S. coelicolor. In order to clone the complete gene from P. aeruginosa, the 800-bp DNA was labeled with [␣-32 P]dCTP by random priming (Amersham Life Sciences) and used as a probe to screen the P. aeruginosa PAO1 genomic library. A cosmid clone of ϳ20 kb (pSM101) was isolated. Subsequently, a 4.5-kb EcoRI fragment from pSM101 was subcloned into pKS ϩ to generate pSM102, and a 1.8-kb EcoRV-EcoRI fragment was further subcloned from pSM102 into pKS ϩ to generate pSM103. The plasmid pSM102 was sequenced on both strands at the Cancer Research Center of the University of Chicago. The sequence was translated by using Expasy translate tool and was aligned by using the Align program.
Purification of the Stp1-GST fusion protein. The upstream region of the pSM103 was sequenced and an open reading frame (ORF) was identified. By using two oligonucleotides with EcoRI (oligonucleotide 1) and HindIII (oligonucleotide 2) restriction sites (Table 1) , the 726-bp ORF was PCR amplified and cloned into pET24a as pWB101. A BamHI/NotI fragment was excised and cloned into pGEX-4T1 to generate pSM202. The glutathione S-transferase (GST)-phosphatase fusion protein was purified by using a glutathione-Sepharose 4B affinity column. The Stp1 fusion protein was visualized for the expressed protein by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) on a 12.5% gel and also by Western blot with an anti-GST monoclonal antibody (Pierce Company, Rockford, Ill.).
Characterization of the Stp1 phosphatase. With p-nitrophenyl phosphate (pNPP) as a substrate, the Stp1 phosphatase activity was determined by adding 2 g of the purified phosphatase in 20 l of buffer (50 mM Tris-HCl [pH 8] with 0.1% dithiothreitol [DTT] ). The samples were incubated in the presence of 5 mM Ca 2ϩ , 5 mM Mn 2ϩ , or 5 mM Mg 2ϩ ions for various time points, and the absorbance was measured at 410 nm with a Shimadzu Biospec 1601 spectrophotometer (Shimadzu Instruments, Inc., Wood Dale, Ill.). The optimal concentration of Mn 2ϩ was also determined by the above method with different concentrations of MnCl 2 . The effect of various inhibitors such as EDTA (10 and 100 mM), okadaic acid (0.1, 10, and 100 M), NaF (5, 50, and 500 mM), and sodium vanadate (2, 20 , and 200 M) were also tested according to a similar procedure.
In order to show that the purified Stp1 phosphatase exhibited a Ser/Thr phosphoprotein phosphatase activity, casein was labeled at the Ser/Thr residues with [␥-32 P]ATP by using cyclic AMP-dependent casein kinase II (CKII) in 20 l of TMD buffer and was incubated at 37°C for 15 min. The unincorporated [␥-32 P]ATP was removed by a G50 Sephadex Quick Spin column. The 32 Plabeled casein was incubated with the purified Stp1 (ϳ2 g) in a buffer containing 50 mM Tris-HCl (pH8.0), 5 mM MnCl 2 , and 0.1% DTT at 30°C. The total reaction volume was 400 l. Four 100-l aliquots were taken at 0, 30, 60, and 90 min. The reaction was terminated by adding 5 l of 2ϫ SDS-gel loading buffer, and 30 l of the sample was analyzed by SDS-PAGE on a 12.5% gel. The amount of 32 P-labeled casein was estimated by exposing the gel to a phosphorimager cassette by using a STORM 860 phosphorimager.
Purification of the Stk1-GST fusion protein. In order to express the Ser/Thr kinase as a GST fusion protein, the 1.1-kb BamHI-NotI fragment from pSM105 was excised and ligated into the compatible sites of pGEX-4T1 (Pharmacia Biotech, Piscataway, N.J.) to generate pSM200. pSM200 was transformed into E. coli BL21 for protein induction. The fusion enzyme was induced with 1 mM IPTG (isopropyl-␤-D-thiogalactopyranoside) and was purified by glutathioneSepharose 4B affinity chromatography according to the manufacturer's instructions. The purified protein was tested for purity by SDS-12.5% PAGE and also by Western blotting with the anti-GST monoclonal antibody.
Purification of Stk1-T7 tag fusion protein. In order to overexpress the stk1 gene, PCR with oligonucleotides 3 and 8 (Table 1 ) and pSM103 as the template was performed. The PCR reaction was carried out in a 50-l reaction volume with Pfu buffer, 2 mM dNTP concentrations, and Pfu polymerase at 95°C for 2 min, 55°C for 2 min, and 72°C for 2 min for 25 cycles. The 1.1-kb PCR product Construction of K86A mutation in Stk1. A K86A mutation in stk1 was constructed by two-step overlapping PCR according to the method of Ho et al. (12) . In the first step, two independent PCR reactions were performed. By using an external oligonucleotide at the 5Ј end of stk1 (oligonucleotide 3) and an internal altered oligonucleotide (oligonucleotide 6), a PCR was performed with pSM102 as the template. Similarly, by using a combination of the altered oligonucleotide 7 and the 3Ј-end oligonucleotide 8, a second PCR reaction was performed. The PCR products were purified and mixed in appropriate proportions, and the second-step PCR reaction to obtain the entire 1.1-kb gene was performed with the flanking oligonucleotides 3 and 8. The PCR reactions were carried out in a 50-l volume with Pfu polymerase. The PCR product was cloned in pGEM-T Easy and was designated pSM106. The K86A mutation in the mutant stk1 created an NheI restriction site and was confirmed by restriction analysis.
Immunoprecipitation of Stk1 and kinase assays. E. coli BL21(DE3) strain was transformed with pSM105 (wild type) or pSM107 (K86A). pSM105 carries the stk1 gene cloned in frame with the T7 tag. Similarly, pSM107, which carries a K86A substitution in the stk1 gene that was generated by site-directed mutagenesis, was also cloned in frame with the T7 tag. E. coli cells harboring these constructs were induced with 1 mM IPTG. Both the wild-type and K86A mutant proteins were purified by immunoprecipitation.
Approximately 200 g of cellular protein was added to 40 l of 50% slurry containing T7-monoclonal antibody Sepharose conjugate (Novagen, Madison, Wis.). The Sepharose conjugate was rinsed and washed with TNN buffer (TrisHCl, 50 mM, pH 7.5; NaCl, 10 mM; 0.1% NP-40) prior to mixing and was set to slow rocking for 2 h at 4°C. The immunoprecipitate was washed once with TNN buffer and thrice in TMD buffer by low-speed centrifugation. Finally, the immunoprecipitated protein was assayed for kinase reaction in a buffer containing 10 mM MgCl 2 , 50 mM Tris-HCl (pH 7.5), 1 mM DTT, 2.5 M ATP, 10 Ci of [␥-
32 P]ATP, and histone H1 (2 g) as the substrate. The reaction mixture was incubated at room temperature for 10 min, after which the reaction was terminated by the addition of 2 l of SDS sample buffer, and the proteins were separated by SDS-12.5% PAGE and autoradiographed.
Phosphoamino acid analysis. The phosphorylated Stk1 protein corresponding to the expected 39 kDa was excised from the gel, eluted with deionized distilled water, and hydrolyzed with 6 N HCl at 110°C for 1 h as described by Boyle et al. (3) . The hydrolyzate was lyophilized and resuspended in a solution containing nonradioactive phospho-Ser, phosho-Thr, and phospho-Tyr (Sigma). The sample was resolved on a thin-layer chromatography (TLC) plate (CBS Scientific) by electrophoresis in a buffer containing formic acid-glacial acetic acid-water (25: 78:897) in the first dimension at pH 1.9 for 20 min at 1.5 kV. The TLC plate was dried in an oven and electrophoresed in the second dimension in a buffer containing glacial acetic acid-pyridine-water (50:5:945) at pH 3.5 for 16 min at 1.3 kV. The TLC plate was dried in the oven for 10 min at 65°C. The positions of the three standard phosphoamino acids were detected by staining with ninhydrin. The TLC plate was exposed to an X-ray film for 7 days and was subsequently developed.
RT-PCR and Northern hybridization. Total mRNA from a mid-log-phase P. aeruginosa PAO1 culture was isolated by using the hot-phenol extraction method (22) . The isolated RNA was treated with RNase-free DNase (Pharmacia Biotech, Piscataway, N.J.) and was purified by using the RNAeasy Mini Kit (Qiagen, San Diego, Calif.). Reverse transcriptase PCR (RT-PCR) was performed by using the Superscript One-Step RT-PCR system (Gibco-BRL) according to the manufacturer's protocol. About 2.5 g of total RNA was used for each reaction in a total 50-l reaction volume. The cDNA synthesis was performed at 50°C for 30 min, followed by denaturation at 94°C for 2 min. By using various oligonucleotide combinations (see Fig. 8 and Table 1 ), amplification was carried out at 94°C for 15 s, 54°C for 90 s, and 72°C for 90 s per cycle for 30 cycles, with a final extension at 72°C for 6 min. The amplified products were analyzed by agarose gel electrophoresis. For Northern analysis, ca. 25 g of the RNA isolated from the mid-log-phase culture was analyzed on a 1.8% agarose gel containing formaldehyde and was transferred onto a nylon membrane (Amersham). The membrane was UV cross-linked and then hybridized at 65°C either with the stk1 or stp1 gene 
RESULTS
Characterization of stk1 and stp1 genes from P. aeruginosa. An 800-bp PCR-amplified DNA from P. aeruginosa (pSM100) with sequence similarity to conserved M. tuberculosis Ser/Thr kinase genes (7) was used to screen a PAO1 genomic library. A 20-kb cosmid clone that hybridized to this probe was identified (pSM101). A 4.5-kb EcoRI fragment, which showed positive hybridization with the probe, was then subcloned into pKS ϩ to generate pSM102. DNA sequence analysis of pSM102 revealed two ORFs with one nucleotide overlap (Fig. 1) . The ORF1 is 726 bp (termed stp1) and encodes a 242-amino-acid protein (27 kDa), which showed 34% identity at the amino acid level to phosphatases from B. subtilis and M. tuberculosis (Fig. 2B) . The serine/threonine phosphatases vary in size from 28 kDa (B. subtilis) to 57 kDa (M. tuberculosis). There are 11 conserved motifs in the PPM family (which includes PP2C) of phosphatases, and the Stp1 has most of the 11 conserved motifs (Fig. 2B) , like the PP2C subfamily of phosphatases (2, 24) .
The second ORF (with a one-nucleotide overlap with ORF1) encodes a 329-amino-acid protein with sequence similarity to Ser/Thr kinases (termed stk1). The translated gene product has an estimated molecular mass of 39 kDa. The amino acid sequence of the kinase contains essentially all of the consensus subdomains ( Fig. 2A) . The translated protein sequence showed an overall 35% identity with several bacterial Ser/Thr kinases. The alignment of the Stk1 sequence with that of the Ser/Thr kinase of S. coelicolor and of M. tuberculosis is shown in Fig. 2A . The Stk1 sequence differs significantly from the S. coelicolor kinase PkaA in the domains I, VI, VIII, IX, and X. For example, in domain I, Stk1 has the sequence of GAGGMGTV, whereas PkaA has GRGATGTV. Domain VI of Stk1 has the sequence HGDLKPSNVML, while PKaA has HRDLKPANVLL. Domain VIII of Stk1 has GYAAPE, while PkaA has AYVAPE. Domain IX of both has the conserved aspartic acid, but the flanking sequences are different. The prokaryotic family of Ser/Thr kinases vary in size from 47 to 110 kDa. It is interesting to note that all of the 11 conserved domains are located toward the amino and central regions of the protein, whereas the C-terminal regions show considerable variation and, therefore, only the homologous regions are shown in Fig. 2A (10) . The Stk1 is the smallest functional kinase observed thus far compared to the M. tuberculosis (47 kDa), M. xanthus (87 kDa), and S. coelicolor (58 kDa) Ser/Thr kinases.
Characterization of the Stk1 enzyme.
To demonstrate that the stk1 gene encodes a functional protein kinase, E. coli carrying pSM105 was induced with IPTG to allow expression of the stk1 gene, and the protein was purified by immunoprecipitation by using T7-monoclonal antibody.
The stk1 gene was also cloned as a GST fusion by excising the 1.1-kb BamHI-NotI fragment from pSM105 and ligating it into the pGEX-4T1 vector. The purified protein was analyzed by SDS-12.5% PAGE as shown in Fig. 3A , lane 2. The purified protein was also tested by Western blot analysis with the anti-GST monoclonal antibody and showed positive cross-reaction (data not shown). The estimated size of the fusion product (GST-Stk1) is 67 kDa. The T7-tagged immunoprecipitated purified Stk1 was used for autophosphorylation in a kinase reaction buffer by using [␥-32 P]ATP. As shown in Fig. 4A (lane 1) , a 39-kDa phosphorylated protein was detected, whereas the Stk1 mutant (K86A) did not undergo autophosphorylation (Fig. 4A, lane 2) . Thus, K86 is critical for catalyzing the phosphorylation reaction. The lysine residue is an invariant residue that is involved in the autophosphorylation reaction among all of the Ser/Thr kinases studied (6, 13) . In order to see if the overexpressed Stk1 is active, we tested its ability to phosphorylate histone H1, a commonly used substrate for such kinases (17) . As shown in H1 was observed, a result suggesting that phosphorylation was catalyzed by Stk1. Phosphoamino acid analysis of the Stk1 kinase. To identify the amino acid residue(s) that underwent phosphorylation, we performed a two-dimensional-phosphoamino acid analysis of the 32 P-labeled T7-tagged Stk1 protein. It is clear from the phosphoamino acid analysis that Stk1 was labeled predominantly at the threonine residue and weakly at the serine residue (Fig. 5A) . The relative positions of the standard P-serine, Pthreonine, and P-tyrosine as stained by ninhydrin overlapped with the 32 P-phosphorylated threonine and serine residues of the purified Stk1 (Fig. 5B) .
Characterization of the Stp1 phosphatase. The gene demonstrating sequence homology to known phosphatases was cloned from pWB101 as a 726-bp BamHI-NotI fragment into pGEX-4TI as a gst gene fusion to generate pSM202. The plasmid pSM202 was introduced into E. coli BL21 and induced for protein expression, and the purified fusion protein was isolated as described for Stk1. SDS-PAGE analysis demonstrated the presence of a 53-kDa fusion protein (Fig. 3B) , which showed a positive cross-reaction to the anti-GST monoclonal antibody (data not shown). The phosphatase activity of the purified Stp1 was tested by pNPP hydrolysis monitored at 410 nm. The phosphatase activity was observed only in the presence of Mn 2ϩ but not in the presence of other divalent cations, such as Ca 2ϩ or Mg 2ϩ (Fig. 6A) . The optimal Mn 2ϩ concentration was determined by varying the concentrations of MnCl 2 and was found to be 5 to 6 mM (Fig. 6B) . The Ser/Thr phosphatase activity of the Stp1 was demonstrated by its ability to dephosphorylate labeled casein as shown in Fig. 7. Lanes 3, 4 , and 5 show a significant decrease in signal compared to lane 1 (control), which was incubated in the absence of the enzyme for 90 min. The casein was phosphorylated at Ser and Thr residues by CKII kinase. A boiled control (Fig. 7, lane 2) was included to show that boiling did not appreciably lower the radioactivity, since boiling was part of the processing of the samples in lanes 3, 4, and 5. Inhibitors such as NaF or EDTA inhibited the (Table 2) . Okadaic acid, a potent inhibitor of PP2A and PP2B family of phosphatases (16), did not inhibit the Stp1 phosphatase, which is one of the unique characteristics of the PP2C family of phosphatases. Similarly, sodium vanadate, a tyrosine phosphatase inhibitor, did not affect the Stp1 phosphatase activity at normal inhibitory concentrations (Table 2) . Thus, Stp1 is a PP2C phosphatase. stk1 and stp1 are cotranscribed. The sequence data in Fig. 1 showed that there is one nucleotide overlap between the end of stp1 and the beginning of stk1, suggesting that these two genes might be cotranscribed. Indeed, the sequence data further upstream of stp1 showed that both stp1 and stk1 might be part of a larger regulon encompassing the icmF-like gene and perhaps other genes as well. Since coregulation of a Ser/Thr kinase with its cognate phosphatase has never been reported, we were interested in knowing whether stp1 and stk1 might be cotranscribed, perhaps with icmF. We performed RT-PCR by using a single step RT-PCR kit from Gibco-BRL with various combinations of oligonucleotides. As shown in Fig. 8 , a 750-bp amplification corresponding to the size of the stp1 gene was obtained when a set of oligonucleotides 1 and 2 was used (Fig.  8, lane B) . Similarly, when the pair of oligonucleotides 3 and 4 was used, a 1-kb amplification corresponding to the stk1 gene was obtained (Fig. 8, lane C) . Primer combinations 7 and 4 yielded, as expected, a shorter PCR product (Fig. 8, lane D) than primer combinations 3 and 4 (Fig. 8, lane C) . By using combinations of oligonucleotides 1 and 5 and oligonucleotides 1 and 6, 835-and 950-bp products were obtained, respectively (Fig. 8, lanes E and F) . When the combination of oligonucleotides 3 and 8 was used, no cDNA amplification was observed (Fig. 8, lane G) , suggesting that the transcriptional unit does not extend beyond the stk1 gene. Based on the results of RT-PCR analysis, we concluded that the stp1 and the stk1 genes are in tandem and are cotranscribed.
In order to determine the size of the transcript formed during transcription of the stp1 and stk1 genes, we performed Northern hybridizations by using RNA isolated from P. aeruginosa PAO1. With the stp1 gene used as a probe, an approximately 8-kb transcript was detected (Fig. 9, lane 2) . When the stk1 gene was used as a probe, a similar-sized transcript was again detected (Fig. 9, lane 3) , implying that both stp1 and stk1 transcripts are present in a single fragment of 8 kb, presumably representing transcription of a larger operon with an icmF homologue and other genes upstream.
DISCUSSION
One of the unique features of eukaryote-like Ser/Thr or Tyr kinases and their cognate phosphoprotein phosphatases is the presence of multiple genes for these enzymes both in eukaryotes and in prokaryotes (24 ) ; B, primer combination 1 and 2; C, primer combination 3 and 4; D, primer combination 7 and 4; E, primer combination 1 and 5; F, primer combination 1 and 6; G, primer combination 3 and 8. All of the PCR products were of the expected sizes, and there was no amplification of the cDNA when primers 3 and 8 were used (control). (31) , and at least 3 or 4 in P. aeruginosa (20a) . In M. xanthus, the two Ser/Thr kinases Pkn5 and Pkn6 have reciprocal roles in cellular development and fruiting body formation (33) . In the filamentous Anabaena cyanobacterium, the Ser/ Thr kinase gene pknE is located 301 bp downstream of the Ser/Thr phosphatase gene prpA but are independently regulated (32) . This is in contrast to P. aeruginosa stp1 and stk1 genes that are cotranscribed. Anabaena PrpA and PknE function to regulate the level of phosphorylated proteins involved in nitrogen fixation and heterocyst formation (32) . A eukaryote-like Ser/Thr kinase has been shown to phosphorylate AsfR protein involved in secondary metabolism in Streptomyces species (18) . Like the Yersinia protein Ser/Thr kinase YpkA, which is known to be involved in Yersinia virulence by a type III mechanism (5, 8, 9) , a Ser/Thr kinase, in contrast to the Ser/Thr kinase described here, has been shown to contribute to P. aeruginosa virulence in neutropenic mice (29) . No biochemical characterization or genetic regulation of this kinase has been described. It would thus be of great interest to develop antibodies and gene fusions to examine whether Stk1 and Stp1 may modulate P. aeruginosa virulence, perhaps by a type III secretion mechanism, as demonstrated for exoenzyme S and other virulence factors (27, 28) .
M. xanthus
The coregulation of stp1 and stk1 genes is interesting. As previously mentioned, the corresponding Anabaena genes, prpA and pknE, while clustered together, are independently regulated (32) . Since the Stk1 kinase and the Stp1 phosphatase act in a reciprocal manner to maintain the level of phosphorylation of target proteins, it is interesting that two Ser/Thr kinases, the cytoplasmic Pkn5 and the transmembrane protein Pkn6, act reciprocally to balance fruiting body formation and cellular development in M. xanthus (33) . If an Stk1/Stp1 combination is involved in virulence in P. aeruginosa, a likely target (other than host cell signaling proteins) would be the enzymes involved in alginate synthesis. Alginate is a capsular polysaccharide in P. aeruginosa that is believed to protect the infecting cells from host cell defense and antibiotic therapy in the lungs of cystic fibrosis patients, thereby contributing to P. aeruginosa virulence (19) . There are two regulatory proteins, AlgR1 and the histone H1 homologue AlgR3 (14) , which are important for alginate gene activation (19) . We have shown that histone H1 is a substrate for Stk1 (Fig. 4B) . Both AlgR1 and AlgR3 have the potential signature motifs SAR and RXT, respectively, for phosphorylation by Ser/Thr kinases, as does P. aeruginosa IcmF. It would be interesting to examine whether purified AlgR1, IcmF, and/or AlgR3 would be targets for Stk1 and whether the phosphorylated forms in turn could be dephosphorylated by Stp1. At present, however, histone H1 is the only protein that has been used as a substrate.
An interesting aspect of the genetic organization of stk1 and stp1 genes is their close association with an icmF-like gene (Fig. 1) . Since the RT-PCR experiment indicated that the transcript stops at the end of the stk1 gene (Fig. 8) , it is likely that the large transcript for stk1 and stp1 genes also includes the icmF gene. The IcmF from P. aeruginosa is 48% similar (at the amino acid level) to that of the L. pneumophila IcmF protein. The icm genes, including icmF in L. pneumophila, are required for intracellular replication in the macrophages (1), for macrophage cell death (21) , and for plasmid conjugation (23) . The IcmF protein is localized in the inner membrane of Legionella and presumably plays an accessory role by translocating macromolecules that are involved in macrophage killing. Thus, by analogy, the IcmF homolog in P. aeruginosa might also be involved in translocating potential virulence factors such as Stk1 and Stp1 that may be involved in the killing of host eukaryotic cells and are thus coregulated. Further studies are needed to determine whether IcmF-like protein of P. aeruginosa may play a role in the secretion of Stk1/Stp1 in the host cell by a type III mechanism.
